ventricle. This is a kind of regional wall-motion abnormality and measuring left ventricular ejection fraction (LVEF) by two-dimensional (2D) echocardiography could be less reliable in this particular condition. Our aim was to evaluate the role of dyssynchrony index (SDI), measured by three-dimensional (3D) echocardiography, in assessment of LVEF and left ventricular volumes accurately in patients with LBBB.
Aims: Left bundle branch block (LBBB) causes a dyssynchronized contraction of left
ventricle. This is a kind of regional wall-motion abnormality and measuring left ventricular ejection fraction (LVEF) by two-dimensional (2D) echocardiography could be less reliable in this particular condition. Our aim was to evaluate the role of dyssynchrony index (SDI), measured by three-dimensional (3D) echocardiography, in assessment of LVEF and left ventricular volumes accurately in patients with LBBB.
Methods and Results:
In this case-control study, we included 52 of 64 enrolled participants (twelve participants with poor image quality were excluded) with LBBB and normal LVEF or nonischemic cardiomyopathy. Left ventricular ejection fraction (LVEF) and left ventricular volumes were assessed by 2D (modified Simpson's rule) and 3D (four beats full volume analysis) echocardiography and the impact of SDI on results were evaluated. In patients with SDI ≥6%, LVEF measurements were significantly different (46.00% [29.50-52.50] vs 37.60% [24.70-45.15], P < .001) between 2D and 3D echocardiography, respectively. In patients with SDI < 6%, there were no significant differences between two modalities in terms of LVEF measurements (54.50%
[49.00-59.00] vs 54.25% [40.00-58.25], P = .193). LV diastolic volumes were not significantly different while systolic volumes were underestimated by 2D echocardiography, and this finding was more pronounced when SDI ≥ 6%.
Conclusion:
In patients with LBBB and high SDI (≥6%), LVEF values were overestimated and systolic volumes were underestimated by 2D echocardiography compared to 3D echocardiography. Two-dimensional (2D)-based echocardiographic measurement of LVEF might be insufficient in certain circumstances like regional wall-motion abnormalities, and this modality has some disadvantages like apical foreshortening and inability to avoid assumptions of ventricular geometry. 2 These limitations could be overcome by real time three-dimensional echocardiography (RT3DE). As we know that, RT3DE is compatible with cardiac magnetic resonance, which is still the gold standard method, 3 and it gives more accurate results than 2DE in terms of measuring LVEF and LV volumes.
Although it is not a real regional wall-motion abnormality, LBBB, mimics this entity because of dyssynchronized contraction of LV due to abnormality in the sequence of activation which results in noncoordinated contraction of interventricular septum and LV posterolateral wall (early activation of interventricular septum toward posteriorly followed by a paradoxical anterior motion later in systolic ejection phase).
Long-term data from Framingham study 4 suggested that LBBB may be an early sign of future development of cardiomyopathy.
Moreover, patients with LBBB and reduced LVEF are good candidates for cardiac resynchronization therapy. These are the main reasons for giving a particular attention to this conduction abnormality.
We hypothesized that the magnitude of dyssynchrony might have a critical role in measurement LVEF correctly in patients with LBBB; therefore, we compared LV volumes and LVEF measured by 2DE and RT3DE in this population.
| METHODS

| Study population
We enrolled 64 participants with LBBB who have admitted to our institution and performed 2DE and RT3DE at the same session. We excluded 12 patients (18% of participants) because of poor image quality, and also patients with severe heart valve disease, atrial fibrillation, pulmonary hypertension, ischemic cardiomyopathy, and prosthetic heart valve were also excluded. Informed consents were obtained from all participants, and this study was approved by our local institutional ethics committee.
| Echocardiography protocols and image acquisition:
We used Philips iE33 echocardiography machine with a matrix array ultrasonographic transducer (X4.1 transducer; Philips Medical Systems, Bothell, WA, USA) for conventional 2DE and RT3DE. We performed the modified Simpson's rule to measure LVEF, left ventricular end-systolic volume (LVESV) and left ventricular end-diastolic volume (LVEDV) in 2DE as described in EACVI. 1 Full volume four beats RT3DE images were obtained from apical four-chamber view.
We firstly managed for optimal gain and compress, sector width and depth at twodimensional setting and switched to xPlane imaging to detect the quality of endocardial borders at orthogonalview. After obtaining a satisfactory image which included all segments of myocardium clearly, the patients were asked for breath-holding to prevent stitching artifacts and then we acquired four beats full volumes in a pyramidal scan. Acquisition of each subvolume was ECG gated and regular four consequent R-wave (by excluding premature beats)
were used to build a full volume dataset. Elevation and lateral width of images were optimized to reach a frame rate of 25 fps, at least (all acquisitions were in the range of 25 fps and 34 fps). Measurements of volumes and EF were performed postprocess using Qlab software (Version 9.0; Philips Medical Systems) by two investigators who were experienced in echocardiographic imaging and they were blinded each other to detect inter-observer variability, and each operator analyzed twenty randomly selected data one more time
and end-systolic (B) endocardial tracings in full volume analysis
(A) (B)
to detect intra-observer variability. End-diastole was defined as the first frame after mitral valve closure, and end-systole was defined as the first frame after aortic valve closure. But visually corrected in some individuals one frame forward or backward based on the size of LV cavity. Before automatic border definition, we adjusted transverse (at the level of papillary muscles) and saggital (from the midline of mitral annulus to apex) planes. Automatic border definition was performed by applying five points: septal, lateral, anterior, inferior annulus, and apex. Border definitions were manually modified in most of cases by including papillary muscles and trabeculations as parts of LV cavity ( Figure 1A,B) . We performed sequence analysis and checked for correct border detection frame-by-frame.
If the result was not satisfactory, we reanalyzed with another ac- as median and the ranges of 25%-75% quartiles. We tested the significance of differences between two echocardiographic modalities in terms of measured LVEF, LVEDVI and LVESVI by Wilcoxon signed-rank test. Intra/inter-observer agreements were analyzed by Kappa test. The correlation between QRS duration and SDI was analyzed by Spearman's test after a linear correlation shown. Two-tailed P-values of <.05 were accepted statistically significant.
| Statistical analysis
| RESULTS
Baseline cardiovascular risk factors and echocardiographic parameters of participants shown in Table 1 . Patients were between 36 and 82 years old, and 36 of 52 patients were female. Twenty-eight patients had LVEF equal or more than 50% according to 2D measurements while others had less than 50%. Renal and thyroid functions, hepatic enzymes, and blood glucose levels of participants were in normal range, and hemoglobin levels were >10 g/dL (data not shown).
In patients with SDI ≥ 6% (according to 16 while systolic volume indices were underestimated by 2DE, and the differences were more pronounced when SDI ≥ 6% (Table 2) .
QRS durations were positively correlated with SDI (r = .545, P < .001). Perfect inter-observer (k = 0.92) and intra-observer (k = 0.94) agreements were achieved.
| DISCUSSION
Despite the fact that, LVEF is the key prognostic factor for cardiovascular outcomes in patients with heart failure, we still don't know F I G U R E 2 A sample of a report page. Sixteen segments systolic dyssynchrony index (SDI) value is indicated in a yellow rounded rectangle whether LBBB has an impact or not on accuracy of measurements of left ventricular function by 2DE. Nevertheless, van Dijk et al. 5 showed in an asymptomatic cohort that patients with LBBB had lower LVEF compared to individuals without LBBB by using RT3DE. They 5 also found a negative correlation between the magnitude of dyssynchrony and LVEF. This finding indicates the importance of the term called "dyssynchrony" as a determinant of LV function which was referred as "systolic dyssynchrony index" (SDI) -standard deviation (SD) of the time to reach minimum regional volume for each segment-and this parameter can be easily measured by 3D echocardiography. 6 In light of evidence, we accepted equal or more than 6% as a cutoff value indicating high SDI. 7 Independently of LVEF, in patients with high SDI (≥6%), our results were significantly different between 2DE
and RT3DE; on the other hand, we obtained similar results between two modalities in patients with low SDI (<6%). One can assume that asynchrony might be the causal factor for incorrect timing in endocardial border detection in 2D assessment. We can speculate the importance of border definition, editing frame-by-frame, with Qlab software after sequence analysis which is impossible with 2DE. While diastolic volumes were similar between two modalities, systolic volumes were underestimated by 2DE. As, LBBB has an impact on ventricular systole not on diastole, the pronounced difference in systolic phase seems to be logical.
Not surprisingly, duration of QRS complex were positively correlated with SDI, and both of them are good discriminators of responders and nonresponders to CRT. [8] [9] [10] [11] It's known that patients with advanced heart failure and LBBB benefits from resynchronization therapy in terms of quality of life and survey. From the point of a cardiologist's view, it is essential to evaluate cardiac function accurately in this particular population not to deprive them of this therapeutic option. In addition, LBBB or right ventricular pacing-induced LBBB were found associated with future development of heart failure and higher mortality. 12, 13 Witt et al. 14 recently showed in their study that patients with mild-to-moderate reduced LVEF (36%-50%)
and LBBB had poorer outcomes than those without conduction disturbance, and they indicated LBBB as an independent predictor of mortality.
Our findings suggest that if we would evaluate LV systolic function by only 2DE and decide the treatment strategy, we would have probably misdiagnosed a proportion of patients as their LVEF > 35% while in fact their ejection fraction might be under 35% because of high SDI. This is, of course, not a strong recommendation because of small T A B L E 2 LVEF and LV volumes measured by 2DE and RT3DE sample size which is one of the limitations of this study, but it may pave the way for further studies with larger cohorts addressing to this particular population who have borderline LVEF (ie, between 35% and 50%). We did not perform cardiac magnetic resonance (CMR), the gold standard method, to assess LVEF as a reference method. This might be another limitation of our study; however, the compatibility of RT3DE
with CMR was shown in former trials and meta-analysis. 15, 16 In contrast to other published single-center studies, Miller et al. 17 speculated that RT3DE underestimates LV volumes compared to CMR; nevertheless, they aimed to be representative of clinical practice and enrolled patients in an unselected fashion. We excluded all patients with poor image quality and eliminated the impact of inadequate imaging on our results.
In conclusion, we measured LVEF lower and systolic volumes higher with RT3DE compared to 2DE in patients with LBBB and high SDI. This finding was recognized both in participants with normal and reduced ejection fraction. As, we could not know the exact magnitude of dyssynchrony of patients with LBBB at admission, it might be reasonable to assess LV function by RT3DE rather than 2DE in this particular population.
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